The early studies on proteinase-catalyzed peptide bond synthesis are summarized as background for a report on some recent work in our laboratory on pepsin and thermolysin. The primary and secondary specificity of these two enzymes have been found to be suitable for the preparative synthesis of oligopeptides by the condensation of two hydrophobic L-amino acid residues. Kinetic data are presented showing that the rate of entry of each of the two components in a thermolysin-catalyzed condensation reaction depends on the nature of the other component, and that this effect is related to differences in the transition-state conformation of the enzyme-reactant complexes.
INTRODUCTION
HEINZ HOLTER and I first met a half-century ago, and our affinity of thought about scientific problems and other matters cemented a lasting friendship. It is a source of joy, therefore, to participate in this collective tribute to him on the occasion of his eightieth birthday.
The subject of this paper has a long history, dating back at least to the beginning of this century (45) . My involvement in it began in 1936, when HEINZ FRAENKEL-CONRAT and I were working together on the proteinase papain in the laboratory of MAX BERGMANN at the Rockefeller Institute for Medical Research (7) . BERGMANN asked us to study the action of phenylhydrazine on this enzyme because he thought that there might be an aldehyde group in its active site. Shortly before, LEONIDAS ZERVAS and I had found a series of simple synthetic substrates for papain, among them Z-Gly-NH2 (8) , and when FRAENKEL-CONRAT incubated this compound with phenylhydrazine (or aniline) in the presence of papain, there gradually appeared a crystalline precipitate soon identified as Z-GIy-NHNHPh (or Z-GIy-NHPh) (4) . In a control experiment, he replaced Z-GIy-NH2 by Z-GIy-OH; the same product was obtained, demonstrating for the first time the unequivocal synthesis of an amide bond in a condensation catalyzed by a proteinase. However, the rate of product formation was more rapid with Z-GIy-NH2, and we concluded that with this substrate there was a direct replacement of the amide-NH2 group by phenylhydrazine (or aniline), rather than prior hydrolysis to Z-GIy-OH. This was the first case Abbreviations: Bz = benzoyl; Bzl = benzyl; DMSO = dimethylsulfoxide; FA = furylacryloyl; HPLC = high performance liquid chromatography; OMe = methoxy; Ph = phenyl; Tris = tris-(hydroxymethyl)amino methane; Z = benzyloxycarbonyl. The abbreviated designation of amino acid residues denotes the L form, unless otherwise stated.
of a well-defined proteinase-catalyzed transamidation, a term used extensively in my later studies on such acyl-transfer reactions (17, 30) .
In parallel with the studies on papain, I had also found the first synthetic peptide substrates for chymotrypsin (5) , which had just been crystallized by KUNITZ (33) . Among them was Bz-Tyr-GIy-NH2, which was cleaved specifically at the Tyr-Gly bond. FRAENKEL-CONRAT'S discovery led me to incubate Bz-Tyr-OH with H-GIy-NHPh in the presence of chymotrypsin. Bz-Tyr-Gly-NHPh crystallized from the reaction mixture, and with Bz-Tyr-NH2 as the acyl donor the product was formed more rapidly (6). We did not continue these studies on the synthetic action of papain and chymotrypsin because FRAENKEL-CONRAT left BERGMANN'S laboratory soon afterward, and I had shifted to a search for peptide substrates for pepsin. Then came the Second World War, when we were obliged to work on other problems, and in 1945 I moved to Yale University.
Thanks to the generosity of WARREN WEAVER of the Rockefeller Foundation, I had the opportunity in 1948 of making extended visits to several important European laboratories, in particular the Carlsberg. The rigors of the Nazi occupation were still remembered, but the spirit of the laboratory was exhilarating, because of the genius of KAj LINDERSTROM-LANG, the warmth and insight of HEINZ HOLTER, and the enthusiasm of younger members, notably MARTIN OTTESEN. As for so many visitors from abroad to the Carlsberg Laboratory, acquaintance soon ripened into friendship, for me leavened by discussions with LINDERSTROM-LANG about the thermodynamics of peptide bond synthesis. The views he held at that time on this subject were presented shortly afterward in his Lane Lectures (35) .
This encounter led me to make the first direct measurement of the equilibrium constant in the proteinase-catalyzed condensation of two amino acid residues to form a peptide bond. Bz-Tyr-OH was incubated at pH 7.9 for extended periods with 'SN-labeled H-GIy-NH2 in the presence of chymotrypsin, carrier unlabeled Bz-Tyr-Gly-NH2 was added, and the dipeptide derivative was recrystallized to constant isotope content. The amount of synthesis was small (0.32 mmoles from 25 mmoles Bz-Tyr-OH and 50 mmoles H-GIy-NH2), but sufficient to permit the calculation of an equilibrium constant (K~,) of 0.49M' for the process:
RCOO-(1M) + +NH3R'(1M) = RCONHR'(1M) + H20(liq) This value corresponds to an apparent Gibbs energy change of 0.4 kcal per mole. My colleague JULIAN STURTEVANT and his student ALAN DOBRY performed calorimetric measurements on the same system, and their value for the enthalpy change (1.55 kcal per mole) allowed us to estimate the entropy change (3.8 cal per mole per deg) under the conditions of the experiment (12) .
It was clear from the start that in the chymotrypsin-catalyzed synthesis of Bz-Tyr-GIy-NH2 from Bz-Tyr-OH and H-Gly-NH2 the yield of synthetic product is approximately proportional to the initial concentrations of the two reactants. Thus, to raise the yield from the 1.3 per cent found under the conditions noted above, for 25 mmoles of Bz-Tyr-OH one would need approximately 2 moles of H-GIy-NH2 to attain 50 per cent synthesis. When H-GIy-NH2 is replaced by the more hydrophobic H-GIyNHPh, the yield is nearly quantitative because the solubility of the synthetic product is less than the equilibrium concentration, and the endergonic condensation reaction is coupled to the exergonic removal of the product from the aqueous solution.
Aside from showing that the thermodynamic values used at that time in relation to the problem of protein biosynthesis were incorrect, the paper of DOBRY et al. (12) called attention to the importance of the ionization constants of the carboxyl (K~,) and amino (K~,) groups that participate in the condensation reaction. We described this relationship by means of an equation for the hydrolytic process:
K~yd where the quantities in brackets are total concentrations including both charged and uncharged forms. CARPENTER ( 1 1 ) later developed this theme more fully, and noted that the observed unfavorable equilibria for peptide bond synthesis in aqueous solution are largely a consequence of the thermodynamic work needed to convert carboxylate and ammonium groups to their uncharged forms. According to his "non-ionized compound convention" the condensation of RCOOH and NH2R' is strongly exergonic. This is where the matter rested in 1960, and scant attention was paid to it until the appearance in 1978 of the important paper by HOMANDBERG et al. (22) from the laboratory of MICHAEL LASKOWSKI, Jr. They determined the equilibrium constant in the chymotrypsincatalyzed condensation of Z-Trp-OH and HGiy-NH2 by means of HPLC separation and spectrophotometric analysis of the reaction components, and found a value of K~yo of 0.45 M' at pH 7.9, in good agreement with that reported by DOBRY et at. (12) . Moreover, HOMANDBERG et al. showed that the addition of an organic co-solvent (e.g., glycerol, dimethyl sulfoxide, 1,4-butanediol) causes a marked increase in K'yn as a consequence of a shift in the pK~, of Z-Trp-OH. A careful study of the pH dependence of K~y~ gave data in excellent accord with the equation given above.
LASKOWSKI'S paper led to a revival of interest in the possibility of using specific proteinases for the preparative synthesis of peptides. Although the potential of this method had been recognized earlier (16) , it did not appear to be needed because the art of chemical peptide synthesis had developed rapidly, in response to the recognition that many hormones and antibiotics are peptides. Valuable new coupling methods and protecting groups had been added to the armamentarium of the synthetic peptide chemist, and many successes had been achieved in the laboratory synthesis of biologically-active peptides., Difficulties still abound, however, especially' in the synthesis of long-chain peptides, whether by solution or solid-phase methods. For this reason, peptide chemists have recently begun to develop procedures involving pr0teinase-catalyzed reactions; an early example is the use of trypsin to convert swine insulin to human insulin (24) . Other proteinases (chymotrypsin, papain) with a broader primary specificity than that of trypsin have been used to good advantage in the synthesis of shorter peptides (20, 26) . The stereospecificity with respect to the preferred amino acid residue is a particularly valuable feature of such proteinase-catalyzed condensation reactions, since chemical coupling methods often cause considerable racemization. Also, enzyme-catalyzed synthesis may be advantageous because the precipitation of an insoluble product frequently gives material of higher purity and in higher yield. There are disadvantages, however, notably the occurrence of unwanted hydrolytic or transamidation reactions.
In addition to the reversal of hydrolytic reactions, the serine and cysteine proteinases catalyze peptide bond formation by the aminolysis of acylamino acid esters (e.g., Bz-Tyr-OEt) in a strongly exergonic process (10) . In such reactions, the intermediate formation of an acyl-enzyme is well established; the same mechanism is assumed for the conversion ofacylamino acid amides to peptides in transamidation reactions (15) , with the difference that the rate-limiting step is the formation of the acyl-enzyme, whereas with ester substrates it is the deacylation of the acyl-enzyme (3). In the action of the cysteine proteinases, the intermediate acyl-enzyme is a thiol ester, which reacts more rapidly with amines than does an analogous hydroxy ester; enzymes such as papain or cathepsin B are therefore much more effective catalysts oftransamidation reactions than are chymotrypsin or trypsin (14). It is also noteworthy that the ratio of the rates of hydrolysis of an ester substrate to that for an analogous amide substrate is much lower (5-100) with the cysteine proteinases than with the serine proteinases (104-10~).
In recent years, there have been numerous reports on the synthesis of small oligopeptides with chymotrypsin or trypsin as the catalyst in the aminolysis of ester substrates. With suitable choice of blocked reaction components, solvents, pH, and enzyme concentration, the desired peptide derivatives were obtained in good yield (20, 26) . It should be noted that the primary specificity for the so-called P~ residue is qualitatively the same as in hydrolysis, and is much broader in the aminolysis of ester substrates than in condensation reactions. For example, trypsin hydrolyzes acylglycine esters slowly, and catalyzes their aminolysis by amino acid amides (e.g., H-Leu-NH2), but the trypsincatalyzed coupling of an acidic component such as Bz-Tyr-Gly-OH with H-Leu-NH2 would not be feasible. If one assumes the obligatory formation of an acyl-enzyme in the condensation reaction, one can readily understand why the reversal of hydrolysis by serine proteinases usually requires a much higher enzyme concentration (approximately tenfold) and much longer time (hours instead of minutes) than in aminolysis reactions; these differences may be considered to reflect the relative concentrations of the acyl-enzyme in the stationary state of enzyme catalysis. Advantage has also been taken of the fact that it is possible to perform aminolyses at pH values near 10; since the pK~ of carboxyl-blocked amino acids is approximately 7.5, and only the unprotonated amine can act as a nucleophile, the acyl-transfer reaction is more effective at the higher pH value. Moreover, as shown in the important studies of JOHANSEN on peptide synthesis by means of the serine enzyme carboxypeptidase Y (52), the hydrolysis of peptide bonds is much less at pH 10 than at pH 7.5, although unwanted transamidation reactions (e.g., polymerization of amino acid amides) are also favored at the higher pH value.
At the present state of knowledge, it appears unlikely that the proteinase-catalyzed synthesis of oligopeptides will supplant the well-established coupling methods, but one may expect that peptide chemists will use the enzymatic method more frequently than before, in particular for syntheses in which racemization is a serious problem. For this purpose, more information is needed about the secondary specificity of well-known proteinases; also, systematic studies on other enzymes may open new possibilities for practical application. Moreover, as will be suggested in what follows, the study of the kinetics of enzymatic peptide synthesis may contribute to a better understanding of the mechanism of enzymes that act at peptide bonds. During the past two years, this has been a major objective of our work on peptide bond synthesis by pepsin and thermolysin.
PEPSIN-CATALYZED PEPTIDE BOND
SYNTHESIS The available data on the structure and action of the so-called aspartyl proteinases (gastric pepsin, peniciltopepsin, Rhizopus pepsin, etc.), with pH optima in the range 2-5, are consistent with a general acid-base catalytic mechanism for the hydrolytic cleavage of a peptide bond (27) . According to this mechanism, an aspartyl carboxylate group (Asp-32 of pepsin) acts as a general base in the attack of a water molecule at the carbonyl-carbon and an aspartyl carboxyl group (Asp-215) acts as a Lewis acid at the carbonyl-oxygen. The mechanism does not predict the intermediate formation of a covalent acyl-enzyme (an acid anhydride) nor a covalent imino-enzyme of the kind postulated earlier (40) , but rather the non-covalent interaction with the active site of a transition-state species akin to a tetrahedral intermediate. Efforts to detect spectroscopically a covalent enzyme-substrate intermediate have failed thus far (13) , and, in contrast to the results with serine proteinases, '80 isotope-exchange experiments (2) have given data inconsistent with the formation of such an intermediate.
The apparent difference in the general mechanism of the aspartyl proteinases, as compared with that of the serine and cysteine proteinases, is clearly related to a difference in primary specificity. Whereas a serine proteinase such as chymotrypsin hydrolyzes not only ZTyr-Gly-NH2 at the Tyr-Gly bond, but also a host of Z-Tyr derivatives including Z-Tyr-OMe and Z-Tyr-NH2, pepsin requires the presence, in small oligopeptide substrates, of a hydrophobic L-amino acid residue as the donor of the NH group of the sensitive bond. Pepsin also attacks ester linkages, but the oxygen of the sensitive bond cannot be provided by a methoxy group but must be donated by a hydrophobic L-hydroxy acid such as ]3-phenyl-L-lactic acid (23) . Extensive studies on the primary specificity of pepsin have shown a preference for peptide bonds linking two aromatic L-amino acid residues, as in oligopeptide substrates of the type A-Phe-Phe-B. Modification of the A and B groups of such substrates by chain elongation or alteration of the component amino acid residues gave evidence for enzyme-substrate interactions at both sides of the sensitive PhePhe bond (18, 19) . Of special interest was the finding that whereas there was considerable variation (1000-fold) in the value of k~a, for the hydrolytic cleavage of the Phe-Phe bond, the value of K~ changed to a smaller degree (10-fold). Since the observed Km was shown to represent the dissociation constant of the ground-state Michaelis complex, the rate-limiting step in the catalytic process is the conversion of this complex to the transition-state enzymesubstrate complex, but more effective catalysis is not necessarily a consequence of tighter binding in the ground state, as has been inferred for chymotrypsin (32) . We therefore proposed some years ago (19) that a portion of the Gibbs energy in the binding of an oligopeptide at the extended active site of pepsin is used to lower the energy of activation in the catalytic process. Thus, the effect of the secondary interactions at a distance from the locus of catalytic action is to cause tighter binding in the transition state. Such transition-state stabilization can be ascribed to various factors (29) , in particular to conformational changes in the active site. The suggestion that the active site of pepsin is a flexible structure was based initially on kinetic data and on fluorescence studies on the binding ofsubstrates labeled with extrinsic probe groups (44) , and has recently received strong support from X-ray crystallographic studies on penicillopepsin (28) .
The above considerations lead to the hypothesis that in the hydrolytic action of pepsin on an oligopeptide substrate, the order of release of products depends on the structure of both fragments and not on the intermediate formation of a covalent acyl-or imino-enzyme (19) . According to this view, the interaction of the hydrolytic products with active-site groups may be coupled, so that the nature of one product may influence the rate of departure of the other through the effect it has on the conformational state of the active site. A corollary is that in the reverse direction the nature of one reactant on the condensation process may influence the rate of entry of the other reaction partner.
To test this inference, we selected initially the pepsin-catalyzed condensation of acidic components of the type Z-A-Phe-OH (where A was varied) and an excess of various amine components (H-Phe-NHPh, H-Phe-OBzl, H-LeuNHPh, etc.). The choice of the reactants was based on the available knowledge of the hydrolytic specificity of pepsin, and on preliminary experiments showing that at a suitable enzyme concentration such condensation reactions proceed to over 95 per cent synthesis of the expected product within 2 hr. Under the experimental conditions chosen (50 per cent ethylene glycol, apparent pH 4.5, 37 ~ the solubility of the products is below the expected equilibrium concentration, and the rate of their precipitation is not rate-limiting in the over-all process. The reaction was stopped at various time intervals (5-100 min) by the addition of a large volume of organic solvent to denature the enzyme and to dissolve the products in a system suitable for HPLC analysis. Longer incubation periods were avoided, since occasionally HPLC analysis gave evidence of the formation oftranspeptidation products which accumulate with time. It should be noted, however, that the HPLC effluent diagrams used in our studies (9) for the estimation of the rates of condensation did not show the presence of measurable quantities of such products. TSENG et al. (48) have recently reported the occurrence of transpeptidation reactions upon the prolonged incubation of Z-Phe-OH and H-Phe-OBzl in the presence of high protein concentrations. As shown by SILVER and JAMES (47), the appearance of transpeptidation products in slow pepsin-catalyzed hydrolysis of poor oligopeptide substrates is a consequence of the occurrence of condensation reactions.
The rate data obtained in our studies accorded satisfactorily with first-order kinetics for the entry of Z-A-Phe-OH into the condensation reaction, and the effect of the variation of the A group and the amine component indicated that both the primary and secondary specificity of the hydrolytic action of pepsin is evident in the synthetic process (9) . Subject to several assumptions, the k~a,/Km values for the entry of a variable acidic component into the condensation reaction were in the same ratio as that found earlier for the effect of analogous structural changes in soluble pepsin substrates (21) . We were unable, however, to find satisfactory experimental conditions for the proposed study of the effect of variations in the nature of one component on the rate of entry of the other into the condensation reaction, because of the limited solubility of the Z-A-Phe-OH compounds in solvents that did not inactivate the enzyme.
The results obtained thus far in our laboratory, and by other investigators (38, 43) , indicate that the aspartyl proteinases may be useful for coupling reactions in which it is desired to join two hydrophobic amino acid residues. An example is the pepsin-catalyzed condensation, recently performed by Dr. MICHAEL GELB in my laboratory, of Z-Tyr(Bzl)-Gly-Gly-Phe-OH with H-Met-Arg(NO2)-Phe-OBzl to produce fully-protected pro-Met-enkephalin.
THERMOLYSIN-CATALYZED
PEPTIDE BOND SYNTHESIS Thermolysin is metalloproteinase whose optimal catalytic action near pH 7.5 involves the participation of a zinc ion (34) that serves as a Lewis acid in activating the carbonyl group of the sensitive bond of peptide and ester substrates in a manner analogous to the role of the Asp-215 carboxyl group of pepsin at acidic pH values. As in the proposed mechanism for pepsin, the carbonyl-carbon of the sensitive bond is considered to be attacked by a water molecule, with the carboxylate group of Glu-143 serving as a general base (31, 51) . The hydrolytic specificity of thermolysin is directed to the preferential cleavage of peptide bonds in which the imino group is donated by a hydrophobic amino acid residue such as Phe or Leu (36, 37) . Although the donor of the carbonyl bond of the sensitive bond may be Gly (a standard substrate is FA-GIy-Leu-NH2 whose cleavage at the GlyLeu bond may be followed spectrophotometrical!y), replacement of the Gly residue by a Phe residue greatly enhances the rate of hydrolysis. In its general mechanism and its primary specificity, therefore, thermolysin resembles pepsin and related aspartyl proteinases. It differs markedly, however, from pepsin in its secondary specificity (36) .
The ability ofthermolysin to catalyze condensation reactions leading to the formation of blocked oligopeptides has been demonstrated in several recent studies (25, 41, 50) . Of special interest is the use of thermolysin to condense Z-Asp-OH with H-Phe-OMe, as a convenient route for the synthesis ofaspartame (42) . In our experiments (21, 50) , the kinetics of thermolysin-catalyzed peptide bond synthesis were determined in the manner described above for pepsin, and the relative initial rates of formation of various di-, tri-and tetrapeptide derivatives were found to be similar to the relative rates of the hydrolytic cleavage of comparable soluble thermolysin substrates. Some striking effects of secondary specificity were found: for example, when the Gly residue of Z-GIy-Phe-OH is replaced by Ala, there is a large enhancement of the rate of condensation with a standard amino component such as H-Leu-NHPh. This effect is especially marked in the relative rates of synthesis with Z-Ala-Gly-OH or Z-GIy-Gly-OH as the acidic component; under the conditions of our experiments the ratio of the initial rates was approximately 300. Information of this kind is likely to be useful in the choice of thermolysin for preparative peptide synthesis.
In view of the similarity of thermolysin and pepsin in mechanism and primary specificity, an attempt was made to find suitable conditions for kinetic experiments to determine whether variation in the nature of one component influences the rate of entry of the other component into a proteinase-catalyzed condensation. As was noted above, this proved to be unattainable with pepsin, largely because of the sparing solubility of Z-Phe-OH at pH 4.5 and because the addition of organic cosolvents that increased its solubility sufficiently also led to enzyme inactivation. In the case of thermolysin, however, which acts at pH 7.5, such experiments were possible. For example, the kinetics of the condensation of Z-Phe-OH were determined at single high concentrations of H-Phe-OMe or H-Phe-Gly-OMe. The initial rate data accorded satisfactorily with the Lineweaver-Burk form of the equation (46) for a rapid equilibrium random bireactant system that obeys MichaelisMenten kinetics:
The data for the kinetic parameters are given in Table I , where a is the interaction coefficient for the effect of one reactant on the binding of the other. The data in Table I show that, for the two condensation reactions studied, the apparent k,, and Km values for the entry of Z-Phe-OH depend on the nature of the amine component, with a much larger change in k~a, than in Kin. A similar result was obtained with other amine components, for example H-Leu-NH2 and H-LeuNHPh (50) . These findings support the view that the conformation of the Z-Phe-OH binding site is influenced by the presence of the amine component in its own locus within the extended active site of thermolysin. It should be noted that other bireactant systems leading to ternary enzyme-substrate complexes have shown an analogous behavior. A notable example is the demonstration (49) that in the yeast hexokinasecatalyzed transfer of the terminal phosphate of ATP to glucose, the Km for Mg-ATP is about 60 I, tM, whereas for the reaction in which water is the phosphate acceptor the Km for Mg-ATP is about 100 times greater. This result, together with X-ray diffraction data (1) showing a significant conformational change in yeast hexokinase upon the binding of glucose, suggest a large effect at the level of the ground-state Michaelis complex. In the case of thermolysin, the effect of changing the nature of the amine component on the apparent Km is relatively small as compared with the effect on l~a,, suggesting that the major influence of this change is exerted at the level of the transition-state complex. Moreover, as in the action of pepsin, the occurrence of transpeptidation reactions in the hydrolysis of poor substrates by thermolysin may indicate, not the formation of covalent acyl-or imino-enzyme intermediates (39) , but the coupled interaction of the products with the active site and peptide synthesis in condensation reactions.
